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ABST RACT This 1s the first of a two-part presentation which deals with 
certain computer controlled manipulator problems. This first part discusses 
a model which is designed to address problems of motor control, motor learning 
adaptation, and sensorimotor Integration. In this section the problems are 
outlined and a solution is geven which makes use of a state space memory and 
a piece-wise linearization of the equations of motion. A forthcoming 
companion article will present the results of tests performed cm an 
implementation of the model. 
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£ ur.~ ary, 

A model is p resented which deala with certain problema of 
BQtor control t motor learning,, and a ana oxico r j r Integration* Hie use 
of effarence copy,, re-af fere nee t and a atate space memory are key 
factors Lit its operation. The following are functions and features of 
the propoaed system: 

1) Descriptions of dealted movements, are translated into motor 
comoands which will produce the specified motions* The Initial 
specification of the movement ia free of informacion regard ittg 
the mechanics of the effector systen* 

2) The ays tea dene nst rates gradual Improvement in performance 
as it gain* experience from aalf-produeed move-men ta . 

1) Tin* p* i - f l> rrvmi/e nl selected movements can be more rapidly 
j iii;jr .:■!/< d chrempii concentrated practice, 

4) Practice of one movement may improve performance of another 
thereby showing a Scind of transfer of training 

5) Adaptations to nach art teal and certain sensory changes take 
place without Art explicit error carta tticn procedure. 

6) Mechanical interactions between Joints are automatically 
compensated in production of the. HO Cor command, 

7) No constraints need be placed vji the geometry of the limb 
or body-part under control H 

8') The senaory information U*ed by the model nay be related to 
the joints of the limb, to visual apace, or to any other 
coordinate system. It nted satiafy no linearity constraints, 
Inn. must be capable of uniquely de a crib inc. each Limb movement, 

9) The computations performed by the model are quite simple, 
,ir:,il ivs ;■■><: ■: i ally i'-itsi to J paiVt'.K-:l :>:Yj::m.- :, iiij-; ,!:■■-.■ ." i - 1 >. . 

In addition to a diaeuaaion of these properties in. terms of the 
model's oper-atloti , an implementation using a computer and aantpulator is 
introduced. 



Introduction 

The h VMn motor system is characterised by property which are 
not exhibited by traditional •aa-.ad. machines. Mc Ht basic of these 
Parties ia the abili ty to l„ m . initially cbe hujDart inffltu ^^ 
dig coordinated «v enetlt * which have no apparent purpose and are 
akliWly o^tod. & ut a, the ddu develops, his oovefcents take on 
a different character. Thay become directed and affective, snueth and 
Eyeful. The improved dexterity ± 9 attributable i n part to the 
experience the developing or Ran ± gm receive* from bis OWfi 3CCempCs to 
move (2,3,10.12). The adult, Breover, t* able to select particular 
movements s„d cen K r his attention upon them throng practice until a 
high lev*! of performance ha, been reached. The human is not limited 
to making only those movements which have been the subject of previoua 
practice -- it is often the case that * movement which has never before 
been attempted can be Executed with a fair degree of precisian. 

Mot only are we able to gain motor control of our bod lee as we 
grow up but we are able to maintain control > In the normal situation 
this neans that we make the adjustments needed to control our limb* 
even though the manse* and ii zeB of the ba4y parta undcrRO Ut ^ 
changes throughout ontogeny. In the laboratory we arc able to 
eOApo»»tt for elementally indued distortions made to our sensory 
Inputs or to the environment (itMl,27), 

Other properties of the huma* motor system are affected by the 
mechanical nature of the skeletal and macular systems, and the laws 
of physics which thay must b*y {21J . The forces and torques created 
by a muscle often Influence a !Sym ber of .joints, even when the ™ sc le 
is of the Simla, S i^i E Joiflt variety. Each joint is Influenced by 



a. number of muscles* not only because there- ate, tftany Hustles 'across 1 
the joint-, but because reaction torquea are produced when muscles 
accelerate other joints of the body, Yftt our nervous control system 
e f f v*: 1 1 vely fonjierisntea for these mechanical interactions when precipe 
movements ate cftllod for* 

Finally, our limbs are useful tools only if they tfilJ do our 
bidding? hut our wishes are phrased in a language which motoneurons 
and muscle do not understand. If we start with the simple* perhaps 
schematic instruct ion T "Close your eyes and move your hand So that the 
tip of your finger travels a path which is a straight lin*. M we are able 
to comply. We are able to comply even though this specification of the 
movement of the finger gives no explicit information about the requisite 
Joint movements or muscle forces. This means that our motor system is 
able to convert a description of a movement given in on* ^nordtn/il-e 
f raise into a set of commands which are suited to act in an entirely 
different frame — that of ben*:, joint, and muscle (1 N H,1B). 

The purpose of this paper is to present a model of a motor 
sub- system which displays each of the properties mentioned above. The 
model p res an ted here is not the only model which displays these 
properties of thi j biological motor system* nor is it supposed that other 
models cannot be proposed which do ao (fc * 7 b 23^ 26,27) . The pteaent model 
does not presume to account for all aspects of biological motor control 
nor even completely account for those properties cited above. Nor can 
any strong claim be made regarding the basis for the similarities of 
behavior displayed by the mechaniam under consideration here and the 
biological motor system. Flo if thia model cannot be ahown to be a 
neceaaory nodel. nor are its powera aufficient to describe the hunum nuitor 



System, nor can «C effective demonstration of mutual causality with the 
biological bo Cor system be made, why develop it and why use a computer 
and manipulator to study It? 

The motor system is complicated, being comprised of numerous 
nervous and mechanical components t and perhaps numerous Logical or 
functional components . When the ps.ycholog.iat or physiologist studies 
this system he has two choices. He can study the system in its entirety 
and be forced to deal with the myriad of variables and possibly changing 
strategies which characterise the behavior of most animals-, or he can 
manipulate the physiological preparation, in some way which N in addition 
to producing the desired effect i introduces unknown and unpr edi c tab I e side 
effects and cowpl t cations ► th* ras**rch.*r working wlch th* simulated 
model does not tace this di lemma. Each sub -system or sub -sub -system is 
available for scrutiny and all interaction can be studied explicitly. He 
can be a are the strategy of operation will not change when parameters 
are changed or processes are removed. The physiologist is forced CO 
work with variables of limited value and often prohibited from dealing 
with those variables of most conceptual importance. The response of the 

:-<; iv i cm;. I :rll i .-- f lic.i: Etlrttl :MLh«r than thai "if the enScmlj l£ . !':>? EM''. 

is recorded rather than the force delivered by the muscle to the tendon. 
This is also not a problem for th* nodeller because every variable is 
available for measurvra-nt and modification* 

Perhaps the most import snt strong point of Che synthetic approach 
to motor research is the effett it has on the researcher's focus of 
attention. There ia no reason to let the anatomist^ subdivision v£ 
the nervous system be the guiding force in our research if th* structures 
ho delineates have- little correspondence with the functional divisions of 
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the mo-tor ayatem. Rather, ve should orprtize our thoughts about 

functional unita and conceptual issues, and this type of thinking results 
when thrt problems of design are faced. Tills approach U gi^en further 

power when the formulations of a raodsl jre put in the form of a working 
mechanism, For only then can we be sure that Our suppositions were 

correct and that all vagaries have been eliminated. 

These statements are not meant to be critical of the purely 
empirical approach. The intent L<m is to uterine hou in certain ways, 
the formulation and Simulation of modele is complementary to the approach 
normally taken by the neuroacientiat, and how these formulations can 
be- us e f ul [ft him. 

It goes almost without saying that Che design, implementation , 
and atudy of such models can have direct application for those who 
wish to produce autonomous machines. 

Constraints on the Problem 

An often neglected first step In the study of the motor eye t em 
should be the selection of a class flf behavior upon which attention 
may be focuaaad. The human body is a versatile mechanism capable of a 
staggering variety of movements. The nervous system is also extreme J y 
versatile and employs a umber of control strategies. Sometimes a llmh 
is moved with great deliberation and precision l,i which there U 
aimultaneous activation of agonist and antagonist muscles . Other times 
more free-flowing prions are made in which agonist muscles accelerate 
the masses f a limb to hic> velocity, th.fi limb coasts until it ia a lowed 
and stopped by the Force of antagonist ftuscles (I A). Contrast . for 
example, the motion oF a delicate paint stroke to that of a baseball 
pitch, Sometimes interaction with the environment Is quite predictable 



and adjustments are virtually unnecessary while at other ti» the 
movement is nothing but * BeC of constant adjustments Eo e , K tn fl l 
disturber. When walking do wn a flight of stair* the pwltlon of each 
Step and conene f foflt „„(*« iB qulte predictabltT Conversely, 
standing still on a moving trolley e« requires «j or adjustment, at e*ch 
lurch en the track. Hie Ha of a mV ement may be to achieve a certain 
position, to B.QV6 at a certain velocity, or to contact an object with a 
cartain £cr«. When on* presses a button the position of the finger 1 B 
important, while the velocity at which the violinist draws hie bow 
influences the sounds which result. Ioafiine the effects of a cesser who 
cannot reflate the force of his ml ni at rati one . 

For oach of these types of movement the problems of control are 
different and one reasonably homogeneous solution would not be expected to 
Apply to every case. In order to develop a model which can help w to 
better understand movement we should begin by acknowledging this diversity, 
and restrict o u r studio to a cl agg of laments, the mertbera of which are 
produced by one, unified control scheme or strategy. Of course, our 
^dlnea* to make this choice indicates our belief i„ a certain discreteness 
Of control function. 

ThE modEil discussed here was designed to process ballistic movement. 
This Mesi that once a movement is In r Hated no sensory Information la used 
to alter that movement during it* execution. Such movement can also be 
called open-loop, but It should be realized that, ultimately, the loop is 
closed. This la so because, though the sensory information obtained 
during a movement 1* not used to alter the progreaa of that movement, it 
may be used to alter the motor system In such a way that Subsequent movement* 
are influenced. A apeciel case of the ballistic movement la that which is. 



composed of a number of short,, open-loop aegmetits executed La sequence, 
where the sensory information produced during one segment influOneeB tha 
production of auhaequent aegBenta. Thi* variation is not dealt with here, 
but is mentioned in order to suggest the ultimate usefulness of solutions 
to the open- loop contTol and learning problem** Results of research by 
Hammond (9) and Me lvill- Jones {20) regarding th* latency of effective 
compensation to dia turbaneee in Man further substantiate this view. 

Since we are only studying op en- loop movements, one might expect u9 
to make the further restriction that all interactions with environmental 
disturbance be quite predictable. In fact* for simplicity, all Interactions 
with the environment, ether thar gravity, have been eliminated from 
consideration. We are specified! ly interested in controlling limb 
position as a function o£ time In the absence of environmental influence + 

The model under consideration here was not designed to account for 
all motor function. In addition to restricting tha class of movements 
under study, we have Limited the type of processing to be described. This 
means that other motor processors work along with the sub -system described 
here and the learning or execution of even a single movement relies on 
a number of processing elements. Figure 1 is an example of a familiar 
demonstration. Changing the motor apparatus used in the production of 
writing does net ehanga the essential form of the characters produced, 
even though the muscular cojuraands involved must, be very different. Unless 
the subject learned to produce each form of output s«"p^rntcly 3 (thia was 
not the case in the example shown) we may draw two conclusions I 

1) Hritor program^ exist in the nervous system which are expressed 
in a language which is independent of muscular and kinematic- 
considerations. Qive such program can be used to produce 
movement* in any of a number of limbs t?r body parts.. 
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Fig, 1 Writing with the pen held by different farts of the body does not 
change the shapes of the letters even though different nuaclt and 
skeletal systems are used to produce each example. A) Fen. held by right 
hand (dominant). B) Eight arm was used to produce writing. C) Pen held 
In left hand, D) Pen held in mouth. £) Fen was taped to right foot. 
The subject had essentially no previous experience writing with any body 
part other than A-, 
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2) HechenisHte exist l n the nervous system which can translate 
general rotor programs <a* described in 1) into explicit 
ins erections suitable for the muscles, mechanic, ami sensors 
of s particular 11*. 

This type, of archi Eftctural arrangement has been discussed by Arbib (1) 
acid Wat fcta (25) and the translation process has been motioned by Marr (1ft) 
and Celfand.et il (ft). The P ™« of sudi an arran^aent is quite attractive. 
High level processors may formulate new movement* or modify old ones, or 
fcuke coufctnatioiifl without having to take the mechanical properties of 
the effectors into co ns i de ra tion « It ia supposed that these processors 
■ay p*rforn symbolic operations through Which planning and strategy decisions 
may aleo he Bade. Th«y specif to the translator what che output of the 
linb should be. 

The translating iric-chanisa, on the other hand, is not organized 
around motor programs, but around the nyo-aechano-eensory systea with 
which it communicates. It it free from the responsibilities of strategy 
and planning, and need not b* capable of performing symbolic operations. 
It* only dutjr la to accept da tailed descriptions of movements and translate 
th«a into appropriate muacolar command*. But to perforn thia function 
kinematic, dynamic, and mu*eular information about the limb most be 
available in a usable fon. This information may not be present in the 
infant, and certainly must change as the organism grows. It is therefore 
important to the affective operation of the translator that *0me mechauisa 
maintains an up-to-date, source of mechanical information about the lit*, 

The translating mechanism which converts descriptions of desired 
Output into motor commands plua the support mechanism vhich acquires 
mechanical information and store* it in a usable form are the topics of 
interest In this paper and will be referred to collectively as the 
trans la to p. 



The Msdel 

Let ua begin the presentation of the model 1 B operation by 

examining the nature of the computations required by the translation 

process. Descriptions of movements must be converted Into motor commands. 

The acceleration of an abject, taken with its initial condition*, gives 

a complete description of its BBvfrmfcnta and the force on an Object is 

that which Commands ita every mationi For thia simple t uncons trained 

system wc can specify the desired acceleration and use Hewton's equation* 

b" ■■ rfa, as a translator to find the necessary force. Of cxiiirm.% 'his also 

ti 
applies to rotary motion, T - J0 P where T 1h the torq.ua, J is the moment of 

I! 

tncttia* and is the angular acceleration. If only a lifffc wete so simple 
as that, 

What it the act titration of a limb? If we take the simple case 
where th# coordinate system of interest is that of the limb's joints we 

1 1 

can describe the acceleration by a vector, fl^ whose number of elements 
equals the number of joints, fl- {$ is the angular position of one joint 
and each prime marker indicates differentiation with respect to tinw + 
All vectors and matrices are delineated by an underscore.) Itits moment of 
inertia t however, ffluet be expressed as a square matrix of rank H because, 
as mentioned earlier, torques applied to one joint will cause accelerations 
about ^v^.l^^v j..>in! : r: the J. ; ~b {5^-c Fig. 2), The J tairlx apadflafl the 
rti J .-ii i ijnyli ip between the torques and ::.!■ rc:;i:!i i"./; ii:-:-i-:iT=itio7S ■" z ■:■ i ■: li 

elements of this matrix are not constants for two reasons. Firstly, the 
amount of interaction between tvo joints is dependent on the angular 
position* ^j of the joints of the li:±- (also an JJ-elenent vector) . For 
Some configurations of the limb the amount of interaction is large while 
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T±g. 2 The KCT-Vicacm manipulate r (see Fig. 5) was US*d to deco cia trat e the 
potential for nechanieal interactions among joints *f a lirf). Ihese araphs 
show how torques applied to ocl^ jivint of the manipulator can influence Other 
joints. Each movement label ltd a* 1 was made hy applying constant torque 
to each joint* In Esavenent 2 the torque at joints 1 and 3 were unchanged „ 
but a step of torque was applied to Joint 2 after 5DD msec, fat attom). Note 
that the position and velocity trajectories of all three joints were 
Affected, F-poaitioni V-velocity. 



for ether* it is ™n (Sve F1 ,, 3d , md ^ ^^ ^ eff6cClve 
™« of i Mrtla , f a io±nt ls detttiniMd| „ e only by . he mnm ^ 
the Ifa*. wh ich , re Wea , (a llflk ±a that part of a iiifc bficMm ^ 

joints) but also by the distance* between the maBm&i ^ ^ ^^ o£ 
rotatica (See Fig.. 3c and dj . 

For th* linfc having H Jo±atBj N lltllts> H ^ele^tions g and ^2 
tno-ants cf Inertia .here „e N torques. I ft addition to the torque* 
applied by th* -.atie we must consider the acceleration of aravLty „ nd 
the J UD1 p ins forc£5 due tQ fTlotion . Th£ ;lcceler€tlim of gravlty ^^ 
be represented by a vector of diiEeiB i Dn N because each maflfl ia ^ ^ 
-ill be accelerated ±Mivid Ui ,lly. mese grflvl tv fact0rs ^ ^ ^ 
extant but de peil d o, the relative poaitiona of tha * MBM and Jointg 
in the lUnb (See Fig + ie and f). F n ctional t0rque8 p alaa repr£ienCfl|>lt 
by an H-di BBIia ^«*l vector, an indecent of t but depend «, the 
wi^dty D f ^ bovine joi ftC . Unlike the gravitational and m^ ,f 
inertia ter™, »hich t in principle, » ay be calcualted f»iq a blueprint 
*£ a limb, tha frictions! tar™ often bear a implex relationship to 
the velocity of a Joint. 

A final factor relevant to the equation* of motion vhich ortly 
introduces appreciable tar,™ at high velocities, is the cortoli, 
term. mi, torque ia produced hy accelerating an object about one a^s 
nhile it la rotating about an orthogonal aria, and tha direction of 
its action ia about * third axi* ortha^nal to the plane of the other 
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Fig.. 3 A} Accelerations of joinr J. will cause largii 4ictfLe rat ions 
afcoiit Joint 1 due to reaccieii t^r^uea. B) The Taction toroue on 
joint 2 is small er here than in A because: of Ch* position of ^oint 2 
and Ita link. (\) The Boment of inertia of joint 1 ia TDaximuo because 
the tenter of mas?: of link 2 i & far from the tenter of rotation. D) Jiere 
the nom^cit of ictLirtJA n.& almost a minimum, E) The effects of the 
acceleration of gravity depend jn the moment area through which it acta. 
Here it ia maxintuB for the link. F) Tlie moment arm is stero ftnd no 
torque is produced abojt joint 1 by gravity. 



If we rewrite Newton's equation* but include each term introduced 

above we get: 

I- Gtj|) - B(j) - m.i) = .1(1) ■ i ( eq , 1> 

where; T is the; muscle torque vector 

G 1* the gravitational torque vector 

B. is the friccional torque -vector 

C is the coriolis torque vector 

J lx ih-r moment o. inertia matrix 

I hi 

St d, and £ are the position, velocity* and acceleration vectors. 

This equation may still look manageable * but the dependencies on 
'£_ ;-■■,(■- mt^ only Implicit. KsJ.r: i'-V} Ii.l- wnrkfcd. ... 1 1 c ','-.\- i ■ ^ 1 1 " : <; ^ t 
relationship using a computer proftraa which performs algebraic manipulations 
and his results far a general limb having three links and three Joints 
(H ■ 3) but no friction la reproduced in part In appendix A- Thc-He results 
are alnoat intractable, (the equations involve about 1600 terms and 13,000 
multiplications) and virtually useless for a theory of =otor function. 

But before we totally discard these results let us examine a special 
set of circunstances under which slnplificitlone can be made. If we look 
at the behavior of the limb during a very short interval of time we observe 
that Gqi 1 Still de*crib*s the behavior of the Linb„ as it must,, but each 
tern can be simplified. During a short interval, call it a tine slice* or 
just 3 slice* we see that each joint has position and velocity,, but during 
the slice their values change by only small anounts. we may neglect these- 
small changes or reduce the duration of the slice to the point where the 
changes in velocity and position may be neglected* Once this Is don* each 
element of a veetor or matrix in «q, 1 which had been dependent on the 
.state of the system <thv state of the limb is uniquely determined by 
the positions and velocities of all the joints) becomes a constant. We can 
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represent our equations of motion asj: 

T - G - B - c . - J . £ <€q> 2} 

By £roupin R tens and mating the Ration explicit in Che torque e^rted 
by the muscle we can oata one further s Implifieatienj 

where: K * G + B_ + C 

It « be re«mber*d tb«t this equation only applies co the motion of 
the limb during one tine slice, and only the slic* to which apply the 
value* of the H 2 + N constants which comprise J and K + tfothin* prevents 
us, however, fro. applying eq. 3 to other tine slices provided W e can 
find value* of J and K W opri«i- =c ::-,<, state of the systea prevailing 
during those »lic«, ft Cfl , Scribe eq. 3 ft. the pieces*** linearized 
version of eq + 1, and the state for which the constants are chosen as the 
operating point. Although the dev*lopment ft* far indicate* that tfB 
calculate the to^ue needed at each joint of the Limh, vs will see shortly 
that the value calculated can be the net fen* exerted by the tendon, OT 
a special version of the command to the ftuscle. 

Supposing we have available the constants required, we could 
take the description of an entire movement, slice it up into enough 
time intervals a a that the change 1b position and velocity for each 
.joint l5 negligible, and determine the Huecmar torque needed to produca 
the desired acceleration f or each interval. If the appropriate initial 
condition* were satisfied and each torque were applied for the duration 
of the interval for which i t was computed, the reciting «ve-ent would 
Closely resertle the originally specified movement. The reproduced 
nove.ent could be made arbitrarily close to the desired ^vement by 
reducing the duration of the time slices, provided that the constants 



needed were available fqr each of these new* shorter alieea . This 
scheme will only work if the accelerations present in the description of 
the desired movement are limited in ca&nitude to those pr^duceable by 
the limb T s BuSCles . Violation of this restriction will result in 
specification of a torque vector which is not achievable and the 
resulting motion* assuming that aome attainable tOKjuft is used instead, 
will not conform to the desired response* It should be realized that 
tiiis problem muse be faced hy any solution to the translating problem 
and Ls not unique to the solution ftiven here. 

The solution given SO far is only a partial description of the 
computations performed by the translator since we have c-ot y*t indicated 
how the constants wbieh describe the mechanical nature of the aystem 
are found, nor how they are affected by ma cor experience- and! changes 
in the tflei;hani.eal system. 

In 1950 von Hoist and Hittlestadt used the concept of efference 
copy in a model which wag designed to account for the ability of a fly 
to distinguish between internally and externally prtKn: i- 1.- 4 changes in 
sensory stimulation (22,24) t Their notion was that the relationship 
between ^C\ externally generated signal dea crib iflg change!! in sensory 
Stimulation and an internally generated Signal describing impending 
changes in the position of the sensory surface would always give 
unambiguous Information about movement in che external world. This 
internal signal Is known as the efference copy. In Held 1 5 model of 1961 
the Ho Is ti an view was augmented to allow attainment of perceptual accuracy 
even after changes were made to the meaning of sensory signals <10,L1). In 
this model the efference copy was used to elicit the trace of previous 
re-afference and this trace was compared to the Current afferent. Young 
and Start: proposed an elaborate model ill 1965 in order to account for the 
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ability of a human performing a tracking task to change control strategies 
when there were changes in the dynamics of the con trolled element (28) . 
In that model tha effaranee copy was used to drive an internal dynamic 
model of the controlled element,, and (he output of that model vas compared. 
with the affe.re.nc-e frc-m the control task. 

Ln the present model the relationships between the efference copy 
and the Te-afference are used no determine the constants which represent 
the mechanical proper r La* ftf the limb and are used by the translating, 
mechanism. . As will be seen., the use made of the effarenca copy in this 
model in somewhat unique In that there is no comparator, no error signal 
is calculated, and nu L:rri;r correction procedure is used.. Bather, 
detailed information about the mechanics of the limb are found by examining 
the limb's input-output relations. MecharricaL properties ara derived 
directly from the results of the organisa's attempts to move. 

We return, once mora f to the special equations of -motion which 

govern the system's behavior during one ti»a slice* with the understanding 

2 
that what Bust be found are: the YC + H constants which comprise J and K. 

If we consider the scalar equation (H = 1): 

t - j - S + k 

it is known that we can find j and k by b imul tsnaous ly solving two 
equations in two unknowns. We first make measurements of the torque 
and acceleration for two move»an(;s and calculate the desired data: 



l l" C 2 
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It - t. - ■; - * 

, . h - H 

J n n 



(eq. 4) 



For the case where H f 1, (foe a ] imb havlivg a number of joints) we 



z 

must make N + H measurements of torque and acceleration and solve 



V"' - h" 



where: 



equations. By analogy to eq , U: 
J - <P - 3> « (R - £) _1 
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T and jL are the i'th measurements of T and 0, 

ii 
We see that these calculations can be performed if B + I sets ef £_^ 

and JT. aie available where the acceleration vector is the response 

produced by is suing the torque vector as a command. These computations 

derive information about the mechanics of the ays ten frcym the 

ii 
relationships between the efference copy, JT, and the re-af £ erence > £. 

Once again remember i w*. need to find Che values of the tT + H constants 

which are appropriate to the state which prevails during A particular 
time ell«e + If this ii CO be no j each measurement contributing to the 
calculation made by eq , 5 must have beun made while the ay stem was in or 
near the state of interest. 

The procedure for finding the values of the mechenical constants 
J and K for one time slice are given above, but our goal is to process 
movement e which are composed of many slices, each of which »ay correspond 
to different me eli u n [ cal states of the limb. To ensure th* achievement 
of this goal the operations, of -collecting data and calculating covis tents 
nwiHt be organized. The necessary urbanization, arises from the corns Id cm I ton 
of a discrete stAte space and the use of two type* of memory j the 
temporary buffer and Lbe state space memory r 
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The syatem cannoc have scored, nor can it calculate the constants 
needed for every attainable state of the li-b . for the number of such 
constant* la infinite, The beat it can do is l et «* c h aeatB be Wr , 
a state for which data are stored cr can be storad. Let us divide the 
range of each diffusion f the gCate Kpace? fcach Jc]lnt , B p „ iclon and 
velocity) into H interval*. The 2K diaeusinnal atate « ?ace ta then 
partitioned into M t2N > regies or hyp e rcubes< If M is choaen to ^ thfi 
Size of EacJl hypercube reasonably small , and the values Q f j Md k 
ate available for one state in the hypercubc, then all the state* tn 
that hypcrcuhe can be said to be near a state far which data are stored. 
If all Che ■easureoents contributing to the calculation of a act of 
constants, J and £were generated while the state of the limb was in one 
hypercubt, the assumption can be made that the constants correspond to 
a state in that hyperdh*, Th ±s statement will autely be trua for large H. 

If one ketps in mind thia notion of a discreet state space, the 
operation of the translator with respect to the acquisition of constant. 
Of mechanics! description can be fcilde c W. Jh iring self-produced 
movements data are generated which muat subsequently he used to calculate 
the constant of mechanical description. The data for chefl e cofcputationa 
are pairs nf simultaneously generated acceleration and torque vectors. 
Hi tea pairs of vectors cannot always be used immediately because each 
application of «,. 5 rehires H + 1 «ta of vectors fro* the same region 
Of state space. Since the >tati of the limb ia constantly changing, cni, 
* I indeed amount of data fro, * nc h D ^™ent is pertinent to a giyw 
region of the state space at a Li.no, and the data that are available 
■ust be saved. Hence the temporary buffer. Although its use is cult, 
different, the type of daU stored in this buffer Is ..JTnilar to that, of 



Held's correlation store CIO .11), 

When H +■ 1 pairs of vectors from the. same region of state space 
Accumulate in the temporary buffer^ J^ and K, are calculated by the trans la cor, 

and they must be aaved. Hie state space itewry i* organized so that it 

2 
can store N + H constants for each hypercube of the discrete state space — 

(M +■ K) ■ (M > constants in all. In certain oases values for J 

and K. will be calculated for regions of the apace for which previous results 
exists In order to reduce noise and provide the ability to adapt to 
changes in the mechanical properties of the system, new and old values 
of J And E are averaged with some sort of weigh:. Lug which favors recent 
data. 

Figure 4 la a diagf**) of the system under discussion. Operation 
of the nodel can be sumsariEed as follows. High level processors 
produce descriptions of desired movements which are presented to the 
translator. These description* explicitly st Ate the tine course of the 
movement so that position, velocity, and acceleration information are 
available for each dimension of the coordinate space in use. The 
desired movement is sectioned into time intervals or slices, each of 
duration tx. For each time slice eq* 3 Is used in conjunction with the 
mechanical information in the state space memory, to find the forces which 
will be used in an attempt to produce a movement having the desired 
Accelerations. The conand forces calculated are issued to the linfc and* 
while the movement is in progress a copy of the command, the efference 
copy, and a copy of the sensory signals which indicate the progress of 
the roovemenc^ the re-af fere nee „ are stored in the temporary buffer with 
labels which indicate the region of che state space co which they apply. 
Subsequently, the contents of the temporary buffer and oq. 5 are used to 
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Pig. 4 The ma Jot components *vf the translator model are ahovn* A 
description of Ufr Operation Is given in, the text. 



find values of J and K, and these results are stored in the State spate 
memory in combination with data that might have been a tored there 
previously. 

It is important to not* that the geometry and linearity of the 

sensors and the geometry of the limh place no constraints on the 

translator presented here t This is a direct result of the piece-wise 

linearisation process to which we have * Emitted the Mechanical ays tern. 

From a practical point of view, this means that re-aF feren.ee can take 

the form of visual feedback j us t as readily as Joint oriented proprioceptive 

feedback. It me SOS that the joints can be revolute or sliding. It also 

means that the forces applied by the muscles can undergo non-linear 

transformations due to the joint- tendon geometry j without consequence. 

Un for tuna tely N one constraint still exists on the relationship 

between the motor contwind and the force exerted by a muscle on its tendon. 

This relationship must be linear in the following sense: 

■ T = a^ftj ■ E + b(*,i) ( eq . fi.) 

where: T is the force produced at the tendon 

E is the motor command 
•fjlffi) and b(tf.l) are state dependent constants . 

This restriction says that for any given Stat* of the limb T Incremental 
■changes in the motor command raus t pro duee plfupof tional chaoses in the 
tendon force of the muscle This Is a very weak for* of linearity. 
U. -:.i:m : : not say that the force in tln± i i-r.,\n- rx-?is zo h« proportional to 
the motor command, net that the force delivered by the muscle must h*; 
C ens tan t if the command does not change. Indeed T if a human arm is 
Moving and the comoaud to the musel* does not change, the force at the 
tendon will increase if the Muscle is stretched and decrease if unloaded. 
The only requirement is that, given the »a*e Wchanical conditions 
(i.e. the state does not change) all increases in command produce 
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changes in force which are related by a constant multiplier + 

Actually, the fact that thiH relationship must be true for thla 
nod*! to work ^ even if it require.* I. he presence of some processing to 
ensure it, can be viewed aa a feature from the translator's peint of 
view. If this relationship were not guaranteed* the adaptive nature of 
tht translator would respond to changes in the mechanical system caused 
by muscular fatigue, and that process would reduce the system's immunity 

to fiO i S !■ i 

Behavior of the Mattel 

Initially, the performance, of the translating mechanism will be 
quite poor. Every attempt to uae informal 3 on about the Mechanical 
character of the limb will be frustrated because the state apace memory 
will be empty. Data about the mechanica of the limb are only available 
after movements have been processed. If no data from the Btate space 
msmory are available two things can happen. The CTani iu to r can use 
some preset or fienetically encoded constants and proceed to Generate 
a jet of commands even though the resulting movement -may be quite 
different from the one desired. Alternately, some othet control systaa 
could tak* over when the translator finds that it has no usable 
information. Under this circumstance the translator would not take 
part in the production of the movement. In either case it ia important 
that the remainder o* ;he tmi^hitor'F. functions (i.e. the analysis of 
the efference copy and the re-af ference) be performed when the movement 
i* executed, even though the resulting movement may bear little resemblance 
to that specified by the hifth level processor. If this were not the case 
the translator would never have the opportunity to build up its memory 
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and improve. (This would be something like the fellow who cannot get 

a job because he has no experience, and cannot get ny experience without 

a job. ) 

As more and more flttvements of th*s limb are made, more and more 
data describing the mechanics of its operation are available to the 
translator. Dating this period of data acquisition the quality of Movement 
produced by the translator will gradually improve. It should be stressed 
that the reason for this improvement is not that errors in previous 
ncvenetits art explicitly corrected, nor that errors In the constants 
which specify the mechanical properties are explicitly corrected. 
tfovement errors can only be detecced if a comparison between desired and 
produced movements is made and this Is never done by the system presented 
her*, Jfotor performance Is gradually improved with experience for two 
reaso lis t 

1) Each movement submitted for translation requlrr:; ( ;;;L3 
fro/m a number of regions In thE state f«p;ir.r Tnt-mory. More 

of these data are avail able- when the svm:it. Is more experienced^ 
because these data ;,u*l' gsnsrated directly from the movements 
which comprise esperiencE. 

2) If there ia any noise in the sy stein (there always is ucilse 
la physical systems) the data available from the state spaca 
memory becoms more accurately specified when they are 
calculated a number of times because noise is reduced 
through ave raging H 

Though the general level of motor performance Is improved with 
enpurlence, the performance of a specific movement can be improved 
through concentrated practice. Iti this caae improvement Is accelerated 
because a higher percentage of the Incoming data are relevant to the 
regions of che state space memory which will be used to attempt the 
movement of int*r«st. It Is also tru* that more movement data c-f any 
kind are available during practice. While heavy practice of one or a 
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group of movements should, lap rove the ability to make the practiced 
■oveBents , In some caeea on her movements will also be facilitated. 
This will be true when the Oth«t mo vv men ta are similar to those practiced. 
By siail,ar we mean that the same regions, of the state space memory are 
used to generate the movements This typo of transfer might correspond 
to Thorudyke's "Identical elements" theory,, although he probably had 
a higher level process in Bind (11, 19). The type of transfer described 
here t from a highly practiced noveaeat to a #i (Hilar, but less practiced 
One also contributes to the flppea.ra,Tice of a general improvenecit of motor 
performance. In facti the characteristic which prompts ua to call the 
improvement general is thru entitely new increments are performed with 
only modest amounts of error, though never before explicitly practiced. 
It must be understood th^t the effectiveness of co ncen tra r.e 4 practice 
upon the practiced end simitar movements is i nf lueticed to a large degree 
by the details of the practice strategy — details which are not considered: 
here. 

When the constants fox a region of the state apace memory are 
calculated ;l number of tines s we cam expect the craragc, of those 
calculations to converge upon the true Value of the mechanical properties 
they represent. Thia will happen when the mechanical properties of the 
limb are constant but there is noise in the system* In the event 
the mechanical properties are not constant — a situation which can 
occur when the organ Lym grows p the muscles get strotigef T or the sensory 
elements change — repeated calcualtiona of the mechanical constants 
will reflect the changing pr 'pertitis and ultimately converge some tine 
after the changing limb stabilises . llie e#ect nature of this adaptation 
process will dep*ud on the rules of combination which apply to the storage 



of new data in the state spae* memory. The only statement on this score 
to be made here is that a weighted average which, favors recent data 
will perform in an adaptive way. Improved noise rejection will be 
demonstrated, howevsr, if the time- cons tan t of the meiBory is ^ l on g ^ 
possible, while still being short with respsct to the time- constant of 
changes in, the mechanical properties of the lid* , 

At this point we must reiterate that all the properties of the motor 
system are not being attributed to the translating mechanism. Just 
because the translator learns ami adapts does not mean Chat other 
proeesflors do not also learn and adapt. It is assumed that they do , 

res ci n K the Model 

The model presented here will be most useful after it has h«n 
tested* This is an for the nfcurophysio legist who wants to understand 
mail and for the engineer who wants to design mare advanced autonomous 
Machines, 

To many neurophy Biologists, testing a model of to tor function 
mean* showing that the biological motor system conforms to predictions 
drawn from the model. There is another kind of test — one which verifies 
that the properties and powers alleged to come with a model are actually 
products of the operations and computations it performs. This second 
type of test should bu required i>f a model before its predictions are 
related to the biological organism, for only after such a test does 
confirmation of predictions about th« biological system result in our 
increased understanding, without verification accurate predictions tmly 
mean that the modeller predicted correctly, not that the model describes 
the behavior under study. While- issues regarding the biological system 
are ef liitle consequence to th* engineer t h* Bust also have a verffinri 
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model if he la to proceed to problems of technology, cost, practicality, 
and useful H*e6 , 

Vo have begun to Conduct tests of an implementation of the model 
prfcp^nted, The embo d i :ncnt of the mo to*" system used Iti those teats 
Consists of a small conputer (PDffll/45}, aome sinple analog circuitry* 
and the MX T-Vicarm manipulator (See Fig, 5), Preliminary result* Show 
« rudimentary ability CO learn, hut the |j f i.-s e nt at ion of conclusive data 
awaits the elimination of some methodological difficulties and the 
completion of a thorough Bet of experiments. These experiments are 
designed to Show that: 

1) The system cb& use the results of practice to improve 
: i ;; ;:< l Ho marine . 

2) attempts to practice one Eoavement can favorably influent* 
performance of othee movements. 

3) The system tan adapt to mechanical disturbances caused 

hy the application of lnertlal, constant forte, and variable 
force loads* 

4) The ays tea can adapt to disturbances caused by distortion* 
of the sensory signals used in learning + 

5 ) The form, of the reaf ference signal is not constrained to 
any one coordinate system, 

The results of t.tie.->i; experiments wfJi be presented in a forthcoraming 
companion to the current article. 



fr'itfr 5 (next page) The layout of the first three joints of the HIT-Vicarm 
manipulator ace shown. ^ acts about the vertical axia. Hie manipulator 
is about the size of a hueart am; 1 =.273m 3 1-1 -.059m ± 1-1 -203b. 
Each joint ie provided uith a DC torque mo tor, a potentiometer, a 
ta.Lj]OTDEterj and a clutch- type brake, Ihe diagr™ is from reference 
14 -with modifications. 









Fig. 5 



Appendix A 

The following U liken from append It. A found in Kahrt (151. Of 
th* IS pages needed CO expand equations A,l, A. 2, and i"L3 only 5 are 
Shown here to give the reader the fflauor of hia findings. 



EQUATIONS OF MOTION FOR A GENERAL KINEMATIC CHAIN 
CONTAINING THRFE REVQLUTE JOINTS 



In thiE append is, equations of motion are given for 4 general 

klflefflatie chain containing thfft* tftvolute Joint*. These aquations wece 
ohtained by CKpandlng the matrix products in Eqn (2 .1&) orv a digital 
z-nrpvtttr using an algebraic manipulation program called REDUCE. [461. In 
terma of the BEDVCE notation, the equations of motion are- 

Mil e L + HIE fl 2 t M-3 B + D1U $* + I>122 B^ + 0155 63 

+ D112 6 1 « @ + D413 uX + D123 ^1 + ORl = Tj (**1) 

HIE '^ + >G2 9 £ 4 IE 3 % + D2I1 ^ + T&22_ B$| + Hej3 k^ 

+ cai? fi^g + D£l3 &X + 0&^3 G g S ; + GK = t 2 (A«2) 

M13 s L + H23 'l 2 + H53 e» + D3ii e^ + 0322 e^ + D553 *| 

+ D3L£ S^ + 5515 S^ + D?25 & a &, + &&3 - T^ (A. 3) 

In other words, H12 ia the coefficient of 9^ in the first equation, 

■ _ 

nei^ is the coefficient of S^., in the second equation, and GRJ 1* 

1 :: . 

the gravity Esrni in the third equation; other teruu ace similarly defined, 



hj ■ 1PJ . (-if ., 
* - 1IE..J I E** ^ SLjl 1 " ' ^^^ * 7JJ " *•"■**• 1*1**1 ■ Ul + t ■ 1H-, T * f> ■ MJiJ . 
hi » Hf - 



"I + ill ■ 



*» * 



* it . iiii;;*. d* i**% / 1ai lj : j t ;^L *„„!='"' • iu -" - * * »* * « ■ «i-.» » i^ * z - „ 
&; ■■? w- 1 " -»!■-" «»"'- *-»; rass * !"%:.! f . H ^i ; ■ sr&-. W!< 

■ hi < f rt*-z ■ trj * til ' 

■ H3 ■ IIJ4IJ . S- 1 *: i 



LIT H liJ • . ■ + 4 ■ BUI ■ ,'.r-i i III ■ Ci* i J-.1..-1 » KJJ3 * ti 









H3 4- SI J . GT7 * C1J-I4Z - 



■1 * 1) <■ <J * IM-lJ « f,,l . Jkj 



t.l , * . KJ13 * ml"z - cii . tin " ■• " * '"" * ' ¥ " " MJ + + * "LZ - ii 3 ».I . G*Z - 

* Jil * Jfz - IJJ . ST J * if J.] ■ 

ji + ii M <z * Fi» . fi, "Jill J ^ " ' ' HJ " T J *'" J; * e ** ■ *«■«? - ■ ' *a 

•■ H3 w flJ- ■ 5TZ - %¥} * 

MS * sri * erz » cti » 

* ■] < ITi > «T7 T 

?*► ■ » i hji". tJj.Ij /ci!r* J3J t • M • »• U4**l * U4 . «J , , . itxti ¥ m ,.j , fll J 

, . , u r«% M : t vHi :"i,; :*m ;*j„ : ^/ ** **>* ^ - «^ * *« - *» * -* -n ■ =+ 

* (»J * IT? i Ifj . CTJ ■ 

A|»it ' ■ ■ C4ill * [III * C*]. ■ Slj + Ji]. ■ C/,3 



, • «.i : .;,: ■ .; rw fu:r ,y.avM ?^i ?y - ; . !A%i ru: rw W 



hJ ■ 5TJ + 5.1 'i ■ 
i " J * J i * *i - CaJ - t ■ Al - il ■ Caz 



l * cm . c+z - r.i - i . , ",J . {.; "Lr f*!.* : ,.j ■ Si *," - ."^ * ^ • «s - » . » * t j - >■ 

4}| 



+ i hj^j * iiL . c*t * :n * sii"» ■ f * ij ?1 . f ^ ♦ cij ■ c 



+ Pl * 1-TJ I CT1 4 



+T ■ MS * ¥1 ■ 111 * Hi • (l» i (■] 



J '«■ ES * I*! ■ «*L 



-32- 

,Mi;Vp"*. *h A"' : T V.\ , i.3 ".« M*; :'!., : t <V " * " * =11 ■ * 11 * ,l * ■ *** ■ * * •»« 

> N«. ■ CI? • XT. 1*4 F 

:■ * ij..2 - SA3 ■ CjL " 5lf * CA* ■ f ■ ■] 1 13 •{«! . [■) . 117 , :>t + j . n|t , -J 

■ 1>1 ■ HJ -CAI ■ 3 ♦ ,.t?> » i*i . <n * s.J * Ca* . !«.„ . i * „1E? , ^ dJ . „3 . S1J ♦ [,' - ' 

.' r ..Hi ■ fl * Lis ■ **f * E4f « SAJ»*£ - d f KJJ3 ■ fM < (L| < 347 i Ug , S4+ 4 (All 

h< . rr? ■ si j ■ ctti » 

' ■ ■ ' ' ■ '- ' ■ * ■ ■ ■ ' ■ - ■ I : " ■ " ■■ ■ ■ * ? - ' ■ F 1 ■ J i . ; . . . - t , ■ % t , . ,- j - . r . , 

h ■ ^asi ■ 3Ai - ti| ■ ,4? * c.j < (4 ■ #i HJis * ft * CM ■ \*A * ti} * 5113 

r -1 1 CT* • (M - 

. ., . f , . ,„.., . 4 .*,.„, 14] , £J1 . . . „ . TJ , ln . (i] \ M2 J„ YU* - 1 "*! i I 

.1 . fir * Ti! , jMf * " U > 11 f *A] ■ CJll ■ H3-+7 < [|J , 3 A AS ■ 13 + S13 ■ (ii . -i. - 3 + 1 

j , . , ^; , *v:*;i.;, ,ti * ■ * ■ nuj + sii * c " ■ " 3 j * ■ ii,s ' "> • ■■* ■»«■ ■ « - ?- «f 

- h) I CTI > CI* * 

47 p 41 » IS + M n > 19 ■ 3 , ii + tj ■ 3*1 a t M . ci7 ■ CmJ * : . ii . ,j , tl , ( Ell * 

444 * LlJ. + A l U . YJ . IU . PU . lilt.* i C4* . 7 * IJ * T +\ M l . „, . C1J . . . ii I ii . 

I.! ♦ EM . ],t»l . JJ.3 . i , SI . H * 111 , Eli >t l] - , - PtlU «4] ^ . L * i.L.2 - ii]" Jil ♦ 

J . ILHJ . Sl= . CM J !t>3 . P.Li . 4 ^ lM1 * fl * E*| ■ SiJ-,1! . I.J I til . I . kjsi J IJ I i,. I 

ril *'L,.: r '.■ Tl wlWl":^:** ' ^ J " * M1 * c " ■ " S " J + ' ■ *"* • * 4i 

+ n3 t C1J . 

II - It * A? - 1 * tt ■ « ■ ,l| * C4] ■ f 1 . t ' ST ■ CJ * II ■ ■ (Ii . 3J,J . ill * f i ■» 

'»' **i * * J i * «■! ■ tut » j * ssi.j* in . »i . i.j . :m + i . s.3 * tj . sii * i.i . ur ' ca" . 

37? ■ 1A3 ■ ..,L - 1.) ■ C*:i - • ♦ pjjj , Slj , CJb3 * Hj « Cll . 3*3,.f - J » ,JJj j . x . . . c *,j , » , ( 
A* I ■ *«? tJ.lL.CAl- 113 • Elf • S* L r • (A3 1 

H3 * 1*1— t * 

'* ' f?" s .: '^iTT* I lis**? - -r'*-* ■ »*!■•* - i*->* * i>-*.Fi - ,,..?,.i T :-:..j - U h 

l^., * i J I " 'J 1 ** 1 . " ? * ■! * KI . IA?».| - I ■ Hill , Slf*^ * i'l**t . KSSi ■ M + *t 

- "il ■ *"*"* * * ■ "i=3 » SUlli + ^. Z ..2 . 3.3.-7 + 1 + fill ■ SA1--I ■ tif..| + ilil . Ii',,1 

J ■ *374 ■ ill"! ■ ^.3 * C13 - i . H-37..5 l PH++7 . )|3 r fjuji 
hi ■ IT3 • CT3 + 
" ' t-i • '3 - S'S-fJ ■ Il|»lj ■ BU - H " ' t)< 1*1"! » CIJ - 7 ■ 1] M ) ■ 3AJ"# ■ CAS 

'l»t » U*«* » UiJ * * . K31I ■ f 1*.! . 5AJ . -i ■ N11J » fj.-l . 5H!. 
+ »J » ST1 ■ 

A]"r " S- 1 ? ■•■■»* " i - A3 ■ 33 ■ JA? f Ci* f 1 . .3 - Y3- ■ IA1»»); . f i . r .3 * III - J . *S * ,i - 

t'! I GAZ ■ 9AJ * A r A3 * M « $1.31. .1 - s'» ■ CI? ■ CaJ r- 2 * Hi ■ JJ f Ii) 4 Ci» ■ (jlJ . » , sj « 

,j ■ in,.; .sfi - * . s n . ,j . i,,„ a » f.j * cpj . r . ,j » t] , iAt , fJt7 . « ^ C4lJ ,,■,!,;;, 

H3 ■ CT3 » 

i'l * 4 - II ■ T3 ♦ l.j.. t * SA? ► Ul * r>3 - E - 13 » .1 * 147 ' £A3 , Ull - +% JJ * JI. . jil'-S 

■ H2 * CIJ « 114 + it * tl • ib ■ 113 * c-r ■ SlJ - * ' 1.133 * KH.J.Fj « SAt ■ GAi - HI - Cll * J ■ 

3J3 , PXI * C4» . U3 * CAS - 4^ MJ33 * t . L v W . S .J , C A7 ■ S4] ♦ [.] . z • \l3Z . Li I I. I * ,ll ! 

i"3 - J * KJI3 . ,*i»*f ■ f i * Cif . 3A3^-3 - i ■ KJ7J ■ 341+-7 . 1A3 * Clr + if fJSjj . [| 2 . ril 

f SA3..! . J F f;3 = 3 ^ ,ij * C A?l ' 

1 *•] ■ 

(AL+*Z r *7>-S . 41nJ + ! F Ai ■ M + CJf-J . Sl.L-47 ■ 1 . II ■ ij f liL"l * l'l 

" " ' " ' S*i*»f ■ CIS + til * I ■ (! ■ il • =A]».£ . (A7 ■ ZM3 - 1 * 4I..2 * I* 1J--3 

+ i-JFlj . ,i>ffZ ■ [3**3 » K." F ■+ J ■■ 1 1 !l 1 «3 f SiL-f-f? 1 Ei24*7 » !■ J * * t S3 1 -J + iiliil * 

1AJ f 7 . I] . T 3 * m»!4i A i.J. . 4 . 13 , 13 * 5*11 ■! + SAJ.i! * tiS . ;,(] .1) . ]A1.AZ 1 CA3 

- 2 , S3 ■ 1.1 * ^Jf.12 - (A3 ■ * * 4333 * ,ilh| * Ili.-I a I|Jf«3 - J . ^JiJ; . SA1--1 f IAS.fI - 
7 • *&?! - SILf-Z 1 5i3ff3 + nJ 2 3 * JFL— 2 . 3 * ^331 ♦ HJ.-2 ♦ 111"] ^ M3SZ * S-iEF-i . i;j77 

. 11J.*7 A m ,31] , iii + . ? i 3A^ — 7 ■ 3A3*»7 - 3 . hJJJ . 3>L"? ■ Sljf-i » £ A . JJ.] * ,11. -3 T I 

A3..J T IJ3J * IH-1 ■ I . K333 •■ ii3. + * ■ 3A3a t z . K Jjj . ,4J#. ? - ■■*]] . ,H i- ■ | - 4 3 33 

■ F F^rj ■ 5ll-i: ■ *\1 + + J ■ !■] 1 Ca] t 4 # KJJ3 . 54i»*i ■ 14J A tl] - 1 ■ K3H I [42**7 ■ Ml * E 
Al " Z * H-3Z? + lij ■ C4JI 



HF * 1T1 a 

H3 f ¥3 * CI] p C49 ■ >1 f Ii ' CAS « *A7 ■ 47 1 H - SA3 - AZ • PZ » li^ * f.4.1 - 
A3 ■ II ■ SAd 1 CaJ - i! ■ ifr ■ 341 . ,4d 1 ijjj T !.f 3 2 T JIL . j^ji . HZ13| 

# fJ * 0^7 f 

i-ai - .* - Cai . Ai + nt * (Al ■ ii ■ ii . ii; i caj . ,7 . 13 - in 1 fi! * 2 * Hi * t 

AJ^ + r . H.|J3 i SAl . 5 F2 . CA7 ■ H237 - JA] ■ -Jaj H Z'! " '-7il - SI 3 ■ Kji? | 

S .^ . E «':ti4 5tl A cu%"4a:; s? * " L + CJl * "'■ ,1 + "" ■ r " * sitt,t * ■■" ■ ? * tAi • 

K3 1 (If * r -.1J...J A 

IZ ■ 43 - TJ ■ iA| » Si] 4 I2A.S . Z » M - 73 ■ S4L * Sit 4 |A3 ^ z - *1LZ - III * III ■ «a3 
1 ■ K3li 1 -14! • J.1J , si s 1 

* M]l * fit A |l! 4 GT3 f 

4 m ■_-.■■? f 413 4 5*3 - ! - .1 ■ i] ■ I.i ■ H.I.J . KJ31 . 3*4. - SI3 » H3Z1 f in . ft ' 
3I'#»7 ' w.Ifr 1 7A1 * AM . MJ3 * If J . f,A* * If3*-7 ■ 3 * [|71 * ,11 * fz a HI a £a,3 

A Hd - STF 4 STI ■ 

1 - a| . a . Cai a cifc . 11 1 11 1 f.i * cai ■ a Z . 13 * sai ■ ■** - 1) 1 n . ,41 . ,4 

* - 17 , II * Iai ■ CAI - HE * ti - 1A1. * 111 + 3,1 ■ *3 a If; i CAT, * «4 3 - 13 * II ■ iAl i [ij 

* Sll - *3>z * in ■ Gaz a |U * GA3 ■ K3I1 f ,4], * fiE ■■ »Al ■ CI3 - I 1 Kill ■ Iai A Ml A IAJ...3 



-33- 

v *J * sti i cm i 

. ■ ' 'l * t> ■ c*i * c±t ■ cij . n i |i i cn . :■! ■ in . 12 « T i * in i ij, a - n.j » 

1*1* Ell i til' ' * " " ** ' *' " '*' * CJ|1 " "*** * it] * '' 2 ' **' ■ "H * 

* P* ■ 1T7 « 

lij p 11 * JiL . 3*K ■ *t - *J l (*i i 112 * 1*1 * 1] ■ JJ * et-l - 11} ■ Ci.} - L* . JJ . Sa , 
II . 53 * l.i * CIJ- - *2 - 4] , „, , 1*1 ♦ Sli , 1* . E3 - 14] ■ Cl| i 4*3 * I* , ffl Ml I 

>'< ' "1 + PJ ■ '3 ■ HL * 117 p. MJ * 4]L7 - KS ■ 51J . :■] , llj] I li[ t ',i! > til! 

* nl * ET7 ■ sr.i+*t ■ 

, ' I ■■)*'* * "I * "7 " CIJ t J ■ 13 * k] . 1*1 » Uj # fil . iSJti * £,, » UJ . (-4, . j 

: .:.^ l ,:»*:'«j c :M» , :^;i, ■ < J ' * ™ ' •> ■ -" i - *'■ ■ *'* • k* - »*-* - • ■ -«s 

■ rS » 412 ' iti ■ CT3 » 

I ■ 2 * ll ■ It * liL hi 1*7 » 4l2 . c*J . Tii] i *.? » ]i L n saj , n,. ,iu , t . M313 , 

'I ' l« ■ f" f H( + 2 . «1 L J * Ml . 5*1 * Elf * 1*3 I ' "^" , 

* hj ■ erf ■ mi . 

.*, .' " A 1 '.!' V M ' *** T i[ * II p e*i * Ml , 11 » n * m * <*» * 2 * ij p « + b»i 

" I '- „" * V " " S " * 7 * 1} p rl * Hi * 3*2**| . Ill . JJ * TJ, * ||L .i* 3 + , i I .J. 

P S*l . 1*i**2 . 0*3 - ,l,l] t Ml . ciJ . 12 • T] . 1*1 * M3 * I . Jl . J3 * J*! , ,Ia..j / 

il" I 1^ . -.,.^ + ' lLZ * =il " Sbi " 7 " *" 3 ■ ,l11 * ** 1 ■ S ' : - !■ ■ " ] U * =*' ■ I""' + m ' 

H3 - CI? * CT1 + 

:j i ■ -J ' ■■■'■ - ii ■ n . c*j - ir ■ u ■ Sii . :-i > .1'. - !»■ . ei - |L; . : 4J , .,. 

" " ' " ' I'l ' Hi«f * til II 111 • 5l] ■ BJ3 r J . -53 ■ 1] . f*l. * *i!l-ii .3*3 - S3 * *3 

i S*L * *■* - 2 • H313 * XLt ■ I*J*iJ . 1*J - Til ■ '3H ■ S*l ' i-*} . 5^3 ^ J . 1(331 * E.l| » 1*1-* 

J ■ 1*1 » *ii - i]H * a*i . it] . L *I . * ♦ |]|3 * su • Uii,+j » s-il-ij - J i «,]iJ . n: . shj.-.^ 
* ■ 7 * *]?! * *»l ■ i*J-»? ■ ><3Z| » ijji- 

+ hi » (ri * 

ill ■ *7 * CIS + It * 11 * 1*1 . 1*2 * If > rj I Ui * nt . 3A.3 * 17 ' El * 1*1 ■ 1*2 • CI.3 

+ iJn; * 5-'] ■ 1*2 - TIE " 1 I II ' T) ( 1< L ■ 3*7 ■ Ill * 1*1 - 2 * S l ■ EJ- ■ 5*1 * 1 1 7 1 CIS + C 

■•I " 1 ■ K3Z2 ■ 111 * li.7 ■ CJ7 * >*}I«2 * -]]2 p 5*1 1 E*2 + T*I . 2 * P17J ■ [II * ll * ■ S*i * ill 

■-7 - H331 * I.! , J** * (,2 . * , Hjji » &lt , M| . ; lS , Si , , „, , 

* Pi ■ 5t3"t i 

- Pil.J p C*] i l*i..2 . 7 f II ■ P.] * Ci] i ]*I + -2 . R311 - C<) p 1*2**1 . K3JZ . Ipl 

* iili-I ■ 5Ai"i ■ PJJ4 p C*1 > 1pE><2 - KI1-S » fpj p I174-P7 P 1*3. »» - 3 . K323 * III p %*i**\ . 

3*3 I Gl}| 

* PPi ■" Btl • CT3 - 

( t !'»■!■ '> ■ 5*1 ■ IlJppT, i :il * 1 p- Pi * II * t*i * 1*7'. t • li.l - f; p E3iz , ti 1 ■ 1 

*2>.f 4 B*J ■ 2 * ')(] r Cil * ]pEp*E * iP]> 

+ »3 * m ■ 

I ^ J » *7 p p3 * C*i p 4*3 * J, a;,H' (il'SiJ - I ■ iii . II p LiL f M p M , 

7 P. *4 1 * TI » 4*1 * 1*7 ■ C*7 *■ '.t'. - ? p p.1 . it . -PL , l#z . CA2 Hip] T 7 . 1} . 1.1 . ril ■ 9*2 f C* 

I ■ I * PJL2 * fill » IJj! ■ Ci. J » 11 J . 2 - EI9.1 1 C*l » Ip2 * Ci* 1 cJUl 

+ H] ■ CT3 i 

.!? * i',.* l 5 * «*1 ■ 2 - *7 ■ Jl » Cpi , 2 ■ 93 * TI • C*H, + 5*2 . 4 P2 - C*3 - 3 * ]l > 11 i 

C-*l » |il * C*2 . ,*J . 2 * «],]. . tMl * C q . C *7 » 9.1 * C*I - I t i]] 3 . C *l t j.. Z . 5*7 . "l . C*3 

* H . KISI p C*l + ti Z p C*7 . HJ..J - J . .I,,!, i ci 4 . l,j . CJl j, 

* 1*1 » 

'i'" 1 ? I Cl1 * *i-*2 - en + m a ' r> • eh ■■ ij**7 p £*i * 5*i.. i ■ ■ ■ si • n m e* 

* 112 P*Z ■ K322 * 47*1 * S*J»H- * 2 . H333 * fl] 4 1*7»»I . 5*J + *2 . KJ3J t ;p| . 3*1**2 - ^331 * 

CPE p JlJ.Pf T PiJ] . C*1 ^ 4 * E-ltl . C*l ■ kJ*l«I * tP) * (*i . 2 - K37I 1 C*t + 1*} i ffjl ] I 

Mil ■ 

nl ■ its ■ in * 
S, "u, ' l .' " ; E iS " */ 1 V 1 * " s " *» * '3 * »".] » c*2 + rii - » < » ■ m ■ c*7 - si 

" . -.*. 'j l ' '** " SJ * ' ] ' IAl * M1 " * Jl1 • S *i ' %i * * Ei * ■ "J" ■ «L ■ **3 + tP] 

I i H123 ' i", • 1*3*. E 1 ' ''111 P 3*11 

+ ■] I IT* P(TH 

[ - I| . tl * Til ■ C*i . *J. . J] . C*| i 5p] - p] . 17 * Spi ■ C** T Pi . 13 * Ell 

iti * ' *^]i ! ait * tnj" ' ** ' " l + : " * ** ' " * S " ' C " * " " " " '"- ' IJl 1Al * 

h3 * «7Tf ■ ST? * 

I ■. *1 * II • C*l ♦ C*J p C*J . 1,1. * 11 , C*l . CpE . I*] * 1] > f J p 1*1 < 1*2 - <TI1 

! 1, I tJ l \ 1. VI tJ* 1 " ./* '.** : Sl1 - ** ■ 31 * 11] . C*2 . *1 I Tl ' „l 1 cl" Si" . t l 

> ■ i ■ c i*i r ■ c ■ 3 ? 

■ »s p eia - ctj ■ 

u^ 4 *'.'" *' I tl1 ' ** Z " *' * " ' Cil * t,z " iJ ■ *3 * 111 p S*p, . IZ ■ 13 * 111 ■ 1*1 * 

\l * Tjl * Sp L - til . 17 ■ ?) * ^*] . ]*1 - 53 * TI ■ 1*1 * Ci} . e ,ij , 3] . EJ + Hi l f*2 i iP] 

* KS?7 . iiL * r.j^ p 1*1 p. t,j -r p]]j . si, » c *i , tli s 5 *j . , ¥ iftl w i ^ l , (A j , n j. ,j . ^ 

113 * 5p.] p 4*21 
* HI " CT1 . 
P 5*7 • ]*I"7 ■ Kill p 1*1 m |1| * 2 ■ HJ23 - 111 p 1*7 - C.P ] . (l*^ | 

+ mf * 1T1 ■ 

mi - *i ■ 1*1 p ipj « cil r *i * El p 1*1 » HE » 1*J ■ *7 * ft ■ GAl * Cl| • £1J + if p a 

* Cl| * C*i p. 1*1 T hi . 33 - Ill * £*| - *1 4 .J . VJU . 5,2 * Jl], . *J . *J . 47*1 , ,* ? » 4719 . 
II * Ell * Cil * 1*7 - '--Sit ■ (11 4 11! , 513 . K4 L 3 * (Pi 1 5*2 ■ (111 

p hi * :-i * 

I ■ >1 • ll ■ <'l ' ME - 4] ■ I' - III ■ 5*2 - *1 * iJ. , CIL ■ CA7 - Ulljl* HI • U* 

7 ■ U Ml ) [|] 1 1** * Cpl i 13 I El « C*l p U7 - til . ,.,577 ■ CM * $12 * b-Pj ■ C*3 ■ KH31 
* Cil - IP? p l*f i 419 - * ■ H171 * Cil p a*2 . |lh>I ^ H331 * 47p 1 p 3*^1 

> III 4 

IPl'PZ 4 IPJ . C17 4 1 * *3 1 P] * 4n . t*2 + 41J2 * C*| p c*7 - Nll*4f - i.111 4 CIL * Cl^ 



-34- 

Beferenees 

1. Arbib, M. A., Tlie Metaphorical Brain (Wiley 6 Sons , Inc., K.Y., 

1972>. pp. 14a-l5l. 

2. Bilodeau, E + A. h [d,), Acquisition of Skill {Academic Press, 
M. ¥., 19&&) + 

3. Gonolly, K.. (ed/) tfcchaiila— of Motor Skill Development 
{■Academic Press, London* 1970). 

4- Cratty. E. J,, Miiytmicnt B ehavior acid Motor Lea rain ft (Lea fr 

Febiger, Philadelphia. 1964). 

5* Evarta, E. V. , Eiiii, E. , Burke, R. E. , Delong, K- * end Thach , 

W. T. , Jr., "Central Control of tfoveaent", Meuroacience Research 
Program Bulletin , Vvl, 9, No, 1, 1970. 



6. Freedy, Ah, Hull, F. C. , Lucaccini, L. P + . , and Lyman, J. T 

N A Computer Baaed Learning System for Remote Manipulator Control", 
T EEE trans, on Systems, Han, and Cybernetics . Vol. SMC-1, No . 4 , 
1971, 00. 156-363. 

7. Fu, K. S.j "Lefirciinfl CcjtUimI Systems and Intelligent Control 
Systems: An Intersection of Artificial Intelligence, and Automatic 

Control", TKIffi tr axiB, on Automatic Control , Feb., 1971, pp + 70-72. 

B. Self and, I* W + , Gurfinkel, V. S., Tsetiin, H* L,, 4tvd Shifc. H. L. 

"■Some Problems in the Analysis of Movement/ 1 Ttlt M odels of 
the 3 true turn I -F unctional Organisation of Certain Bio logic al Systems , 
Gelfand. I, M., fed.) (H.I.T. Preas , Cambridge. Hasa . , 1971) p. 335. 

Q . Hammond, P, H. "The Influence of Prf.nr ] ns t ru c c j on to the 

Subject On an Apparently Involuntary NeLirp-nuusculd r Response," 
J. Physiol . » 127, 1956, pp t 17-19. 

10. Hein, A,, and Held, ft. t "A Neural Model for Labile Sensorimonor 

Coordinations.-' 1 In: Biological f rot<J types and Synthetic System . 
Bernard, E.» and Kare, PL. (edw.) Vol. 1, (Flenum Press, New York, 
1962) pp. 71-74. 

11* Held, R. , "Exposure-History *S * Factor in Maintaining Stability 

of Perception and Coordination.", J. Nervous & Mental fajsease sj, 
1961, 132 , pp. 26-32. 

12. Held T L, and Bauer, J. A., Jr., "Development of S3 engo rially- Guided 

Reaching in Infant Monkey*. M , Brajn Res c atch. 19 74 T _71 T np T 265-371* 

15. Hilg«rci T E- R, and Eow-L't, C. H. Theoriea of learning (Prentice- 

Hall, lne+* H*v Jersey, 1975), pp. 37-3B. 

14* Horn, E„ K. F, and T-ioue, H., "Kifitmatics ef the K+I + T.-Al-Vie.aJ'in 

Manipulator", H.I.T. Working Papar 69, Hay 1974. 



• 35- 

15 + Kafcn, H, E., "The Near-Minimum Time Control of Op«n-Loop 

Articulated Kinematic Chains" Ph. D . Dlsse rt atio n , Stanford 
University, Computer Science Bept., Dec. , 1969, pp. 145-161. 

16. Keller D T , Manual and A utomatic Control (J. Wiley i Sons Inc 
New York, 196:6) t 

17, Levin*, W. E., of University of Maryland, Department of Electrical 
Knglneering, Personal Communication of 9/30/75. 



IS. 
19. 



27, 



27. 



26. 



Herr. D., "A Theory of Cerebellar Cortes", J. Phy siol. , 1969 
202, p. 462J, 

KcGecch, J + A. p The Payeholoey of Ru.m. n Learning . 2nd Hd 
K^viaed by Irion, A. L. (David McX a> - Co., Inc.. New York, 1952) . 
pp. 299-35^. 



20. Hetvlll-Jones, C. and Watt. D. 0. n,, "Observations :,n the Control 
of Stepping a™! Hopping Movements in Man., 1 ' J. Physiol 19 71 
.£19, pp. 709-727. — J JL — * 

21, Meriam, p, L. , Dynantica (John Wiley * Sens, Inc* , New York, 1966). 



Hlttelstaedt, H. "The Analysis of Behavior in Term* of Control 
Systems". IftL Group Processes , Transactions of the Fifth 
Conference, Princeton. New Jersey, Schaffner, B., fed V 
pp. 45-B4, 1956. 



en. 



23. Raibert, Kh H., Doctoral Thesis Proposal, In preparati 

24- von. Hoist t E, T "Relations between the Central Nervous System 
and the Peripheral Organs", Brit. J, Animal Behavior 1954 2 
PP.. 39-94. ~~ — " -* 

25. Waters, R. C* , "A Mechanical Arm Control System", Art ificial 
Intelligen ce Memo Ho . J1Q1, .Mn,, 1974* M..I.T. 

26, Whitftey, D. E. , "State Space Modela of Remote Matlipulation Taska" 
Plw D* Thesis, K.l.T. Department of Mechanical EnssineeTlnt 

Jan, . 1MB. * 



Young, L« K>, M On Adaptive Manual Control '% ErEonomic* Vol 12 
1969 , Ho + 4, p. «1* — ~~ 

Young, L. R. and Stark, h, t "Biological Control Systems — 

A Critical Review and Evaluation: Developments ! n Manual Control" 

NASA, CR-I90, 1965. 



